The isotropic 129 Xe nuclear magnetic resonance (NMR) chemical shift (CS) 
Introduction
Xe atom is an excellent nuclear magnetic resonance (NMR) probe due to its large and polarizable electron cloud. The electronic environment of the Xe atom and its time modulation are sensitively reflected in the NMR parameters of the 129 Xe nucleus, such as the NMR chemical shift (CS), chemical shift anisotropy, and NMR relaxation rates. The large polarizability of electron cloud is recoded in a broad range of 129 Xe NMR CSs spanning several thousands of ppm in Xe chemical compounds [1] and several hundreds of ppm in Xe atom guest-host materials. [2] Chemical inertness allows the Xe atom to enter different materials without reacting chemically. The 129 Xe NMR spectroscopy thus provides a unique tool for studying various materials and their properties. This includes studies of ordering and dynamics in liquid crystals, [3, 4] solvent dynamics in liquids, [5, 6] structure of porous solids, [7, 8] polymers, [9, 10] and clathrates. [11, 12] Glasses, [13] metallo-organic frameworks, [14, 15] and crystals [16] have been also studied by means of 129 Xe NMR.
Magnetic resonance imaging (MRI) studies based on
129 Xe NMR use biosensors in which the 129 Xe atom is confined in a molecular cage, such as cryptophane. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Although the experimental studies provide the most important information about the phase transitions, pore sizes, or macroscopic structure of the studied materials, computations may help in understanding the situations at the microscopic level, resolving the experimental and theoretical questions, and providing the predictions for different real or hypothetical situations. Numerous computational studies on 129 Xe NMR properties have been reported for molecules containing Xe [30] [31] [32] [33] [34] [35] as well as for Xe atom guest-host systems. [33, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] In this article, we study the 129 Xe CS of endohedral Xe atom in Xe@C 60 molecule with particular aim at faithful simulations of experimental conditions and assessment of the different physical contributions to the experimental 129 Xe NMR CS, such as relativistic, dynamic, and solvent effects. Xe@C 60 is a single-molecule prototype of confined Xe guest-host system (Fig. 1) . It was first time prepared by exposing the C 60 fullerene to Xe gas at 3000 atm and 650 K. The 129 Xe NMR signal of this system was measured to be 179.2 ppm in benzene using Xe gas at 1 atm as reference. [51] Several theoretical studies on 129 Xe CS in Xe@C 60 have been published. B€ uhl et al. [38] obtained a value of 71.7 ppm for the 129 Xe shift at the Hartree-Fock nonrelativistic level. Sears and Jameson [39] using nonrelativistic (NR) approximation and B3LYP functional in equilibrium geometry calculations obtained an excellent agreement with the experiment.
Autschbach and Zurek [37] used the zeroth-order relativistic approximation density functional theory (DFT) approach in a careful investigation of the methodological aspects of the problem, including the basis set limit, choice of the exchangecorrelation functional, role of the relativistic effects, and a rough estimate of the role of the dynamics of the Xe atom in the rigid cage. The importance of the relativistic effects indicates that the excellent agreement of the NR DFT results of Ref. [39] with the experiment is accidental.
In 2008, we have calculated the 129 Xe NMR CS in Xe@C 60 using the DFT calibrated against accurate CCSD(T) calculations, including the relativistic contributions, corrections for intramolecular dynamics, and implicit solvent effects. However, a large discrepancy between the calculated (152.9 ppm) [52] and experimental (179.2 ppm) [51] isotropic 129 Xe shift was obtained. This was attributed to the missing description of explicit solvent and its dynamics in the calculations.
The aim of our present work is to include explicit solvent in the calculations to faithfully simulate the experimental conditions and to investigate the role of different physical contributions to the 129 Xe NMR CS for the Xe@C 60 dissolved in liquid benzene. Ultimately, we aim at development of the computational protocol to calculate the 129 Xe NMR CSs in Xe atom guest-host systems, with inclusion of relativistic, solvent, and dynamic contributions to the 129 Xe shift, thus modeling the experimental conditions. Recently, we have also built a computational protocol for calculating the 129 Xe CS of Xe atom dissolved in liquids. [53] The dynamically averaged isotropic 129 Xe shift for Xe atom dissolved in benzene at 300 K was calculated to be 191.4 6 2.5 ppm, reaching the excellent agreement with previously reported experimental data ranging from 188 to 195 ppm. [51, 54, 55] The models used in Refs. [52, 53] are connected in this article to study the Xe@C 60 molecule dissolved in liquid benzene. In our model, we calculate the 129 Xe shift quantum chemically (QC) and evaluate the dynamic and solvent effects by averaging the QC calculations of snapshots from molecular dynamics (MD) trajectory of the system. [53] The relativistic corrections to the 129 Xe nuclear magnetic shielding are evaluated at the Breit-Pauli perturbation theory (BPPT) level. [56] [57] [58] In this way, the computational protocol provides dynamically averaged relativistic 129 Xe CS in Xe@C 60 with effects of cage dynamics, and effects of explicit dynamical solvent included in the calculations. Due to the piecewise approximation used, the roles and relative size of different physical contributions can be assessed.
Methods

Molecular dynamics simulations
The AMBER 11 software [59] was used in MD simulations. The MD simulation protocol and the general Amber force field [60] parameters for the Xe atom and benzene molecule have been adopted from previously developed model for simulation of Xe atom dissolved in benzene, [53] see Supplementary Information, Table S1 . Bonds involving hydrogen atoms were constrained using the SHAKE algorithm. [61] Although all carbons in C 60 are naturally equivalent, for technical reasons, they had to be defined in a force field as five different atom types (see Supplementary Information, Figs . S1-S5).
To define the C 60 molecule using these atom types, new force field parameters were developed. The parameters were based on the optimized geometry and calculated frequencies performed at the DFT BP86/def-TZVP [62] [63] [64] level in the Turbomole 6.0 package. [65] Reliability of this level of theory for Xe@C 60 geometry was already shown in Ref. [52] . The force field parameters were found by the linear least-square fitting technique, where the optimized function was sum of squares of differences between QM and molecular mechanics (MM) frequencies. In simulations with explicit solvent, the equilibrated solvent box was used to solvate the Xe@C 60 system with a buffer set to 25 Å . This provided a rectangular solvent box with the edge of size 63.5 Å and 1204 molecules of solvent. The cubic box was built and minimized using the periodic boundary conditions. In the first equilibration step, the system was heated for 200 ps from 1 to 298 K within the constant volume and temperature (NVT) condition applying the Langevin stochastic thermostat. The second equilibration step was 500 ps of MD simulation using the constant pressure and temperature (NPT) ensemble at 1 atm ( Supplementary Information, Fig. S1 ). The final size of the box edge after equilibration was 56.6 Å .
The production run was taken for 5 ns at NPT conditions. For refining the distribution functions, additional 5 ns NPT trajectory was performed. Similarly, in the MD simulation of Xe@C 60 without solvent box, Xe@C 60 (g), the system was heated for 200 ps from 1 to 298 K and following 10 ns production run was performed. Two hundred snapshots (each 25 ps) of the production run were used in calculations of the 129 Xe shielding constant.
All simulations were done using integration time step of 1 fs and coordinates were stored each 0.5 ps. The subsequent DFT nuclear magnetic shielding calculations used snapshots truncated to the first solvation shell (Fig. 2) , that is, the solvent molecules beyond the first solvation shell were removed from the snapshot unless otherwise mentioned. The relevance of such approximation was assessed in Ref. [53] .
Nonrelativistic calculations of 129 Xe NMR CS
Nuclear magnetic shielding calculations were performed at the DFT level of theory using the Gauge-Independent Atomic Orbital approximation. [66, 67] as implemented in the Gaussian 09 software, Ref. [68] . Based on the previous calibration of the density functional methods against accurate CCSD(T) for nonrelativistic 129 Xe CS, [52] the exchange-correlation BHandHLYP [62, 69, 70] functional was used in combination with [22s17p14d2f/15s13p11d2f] basis set for Xe (referred to as MHA [52] ) and the split-valence polarization (SVP) [71] basis set for C and H atoms.
For testing purposes, the implicit solvent was simulated by the polarizable continuum model (PCM), [72, 73] using the integral equation formalism variant of PCM, IEF-PCM method [74] implemented in Gaussian 09. Number of snapshots used in the production run was chosen based on the calculated cumulative average check showing the evolution of the averaged value for nonrelativistic CS of the Xe@C 60 in solvent (Supplementary Information, Figure S2 ). It is important to mention that nonrelativistic calculations of nuclear magnetic shielding were found to be rather sensitive to the accuracy of the DFT numerical integration grid, see Supplementary Information, Tables S2-S4. Hence, more accurate "ultrafine" grid as defined in the Gaussian 09 code was used in the production work.
Relativistic Breit-Pauli perturbation theory calculations
For details of BPPT, we refer to original papers. [56] [57] [58] Relativistic BPPT corrections were calculated using the Dalton 2011 [75] package. The common gauge origin was placed at the nucleus of the Xe atom. The same DFT functional, BHandHLYP, [62, 69, 70] as for nonrelativistic contribution was used in calculations. It was shown previously [52, 53] that typically only five ( and, in case of Xe dissolved in benzene, only three (BPPT-3) BPPT terms of total of 16 are responsible for over 95% of the full-BPPT relativistic correction to the isotropic 129 Xe CS. In the production work, only the three most important BPPT contributions (BPPT-3) were taken into account in the dynamical averaging calculations, because the inclusion of other terms was not affordable for our extended system. These were the second-order singlet r p-KE/OZ and the third-order singlet r [31] was used for Xe and the SVP basis set [71] was used for C and H. The initial guess in the SCF step was precalculated using the Turbomole 6.0 software. As the BPPT method is computationally demanding, the effect of solvent on the BPPT contribution was assessed by calculations of snapshots with the solvation shell reduced to the closest 20 benzene molecules. Reliability of this approach is checked in section Results and Discussion.
Other details
The nuclear shielding constant was converted into NMR CS according to
r and r ref are the calculated shielding constants of Xe in the environment in question and in the reference system, respectively. For practical reasons, the corresponding reference system was bare Xe atom, calculated at the same level of theory. This presents only small error when comparing the computational results to the experimental ones using Xe gas as a reference.
Results and Discussion
MD simulations of the Xe@C 60 in benzene: structural aspects
To study the role of individual effects contributing to the 129 Xe NMR CS in Xe@C 60 system, three different MD simulations were performed. The first model contained only the C 60 fullerene molecule. In the second model, Xe atom was placed inside the C 60 system leading to the gas-phase Xe@C 60 (g). In the third model, the Xe@C 60 was embedded in a box of benzene molecules. Mean radius of the C 60 cage and root-mean-square deviation (RMSD) values for these three situations are summarized in Table 1 . Interestingly, the sum of van der Waals radii of C and Xe atoms (1.908 1 2.231 5 4.139 Å ) is markedly larger than the mean radius of 3.556 Å calculated for C 60 (Table 1) ; the Xe atom thus appears compressed in Xe@C 60. However, due to attractive dispersion forces, the interaction energy for Xe in C 60 is negative, it was calculated as 284.0 kJ mol 21 at the spin-component scaled 2nd-order perturbation theory (SCS-MP2) level. [76] The diameter of the C 60 cage is larger for Xe@C 60 (g) as compared to that of empty C 60 (g) cage (3.573 vs. 3.556 Å ), and the cage of Xe@C 60 (g) is more rigid (compare RMSD values in Table 1 ). The solute-solvent interactions in Xe@C 60 (Bzn) reduce the diameter of the cage rather marginally (to 3.570 Å ) but somewhat increase the flexibility of the cage.
The shape of Xe-Bzn radial distribution function for the Xe@C 60 (Bzn), using center of mass of a benzene molecule for Xe-Bzn distance in Figure 2 is similar to that for free Xe atom dissolved in benzene (studied in Ref. [53] ). The peaks for Xe@C 60 (Bzn) are shifted toward larger values as compared to Xe atom dissolved in the benzene [53] (e.g., 5.3 vs. 8.3 Å for the first solvation shell) reflecting the difference between the smaller Xe atom and the larger Xe@C 60 system. Snapshots for QM calculations were constructed by reducing the full snapshots of the simulation box to retain only the Xe@C 60 and the first solvation shell, as indicated in Figure 2b . [53] More details about this procedure and justification of using the first solvent shell approximation can be found in Ref. [53] . Xe NMR CS, d NR , 200 individual MD snapshots of the 5 ns trajectory (25ps step) with solvent box reduced to the first solvation shell (Fig. 2b) were used. The fluctuations of the calculated d NR as well as the normal distribution of the calculated values are illustrated in Figure 3 .
The Xe@C 60 structure was also minimized using MM, with the same parameters as used for the MD simulations, and the 129 Xe shift was calculated. This allowed us to separate individual effects of the cage dynamics and solvent reflected in the final d NR , see the Xe atom in benzene, Ref. [53] . Apparently, the Xe atom in the C 60 cage is well screened from the fluctuating environment of the benzene solvent.
To check the applicability of implicit solvent model, a simple test was performed. A subset of 21 snapshots from the Xe@C 60 (Bzn) trajectory was selected, the benzene molecules were removed, and 129 Xe nuclear magnetic shielding was calculated for each snapshot with and without the PCM model on. The values using PCM show only marginal differences from those for the gas-phase system but large differences from those with benzene molecules included (Supplementary Information, Table S5 ). Thus, the solvent must be considered explicitly in the simulations of Xe@C 60 ; PCM approximation fails here to describe correctly the solvent effects. This is not a general case, though. Many examples can be found in the literature, where the simulation of solvent effects using implicit solvent models is sufficient. [77] [78] [79] There are also situations, where PCM gives better results than explicit dynamical solvent, [80] due to inaccurate force fields in MD. Xe shift, one with the highest one, and one with the value close to the average. Subsequently, we preserved 0, 5, 10, 15, and 20 benzene molecules (at the NR level up to full size) of the first solvation shell in the calculations and followed the convergence of both d NR and d BPPT-3 in Figure 4 (more details are given in Supplementary Information, Tables S6 and  S7) .
Convergence of the d NR values evident from Figure 4a indicates that the inclusion of 20 closest solvent molecules should be sufficient for producing the results deviating by less than 1 ppm from those obtained using the full first solvation shell approximation (see Table 3 ). Now, using the MM-minimized Xe@C 60 structure we obtain static relativistic BPPT-3 contribution to the 129 Xe shift of 111.2 ppm ( Table 3 ). The dynamically-averaged BPPT-3 contribution, estimated from an average over 21 snapshots of the MD Xe@C 60 (g) simulation is by 1.1 ppm larger (112.3 ppm) than the static value ( Table 3 ). The effect of dynamical solvent is estimated to additional $11 ppm from Figure 4 . The indirect effect of solvent on the 129 Xe shift via changes in Xe@C 60 structure is negligible (20.1 ppm, Table 3 ). This gives the estimate of dynamically-averaged Standard deviations, r x , in parentheses.
[a]
Using snapshots from Xe@C 60 (Bzn) simulation but removing all benzenes in the nuclear shielding constant calculations. A single-point full BPPT calculation was affordable to test the reliability of BPPT-3 approximation. Additional shift of $3 ppm was obtained (Table 4) . A more detailed aspect in Table  4 reveals that the main difference between the full BPPT and BPPT-3 originates from the spin-orbit (SO) induced Fermi-contact (FC) and spin-dipolar (SD) terms. Interestingly, the FC and SD terms were found rather small in the system of Xe atom dissolved in liquid, [53] while they were found rather large in xenon molecules. [30, 34] It has been aforementioned that Xe atom appears somewhat compressed in Xe@C 60 . It can be speculated that the SO-induced BPPT contributions become more important at shorter distances between Xe and surrounding atoms. Thus, for strongly confined Xe atom guest-host systems, either full BPPT or at least BPPT-5 approximations should be used instead BPPT-3. However, it was not affordable to run more BPPT-5 calculations in our case. The overall dynamically averaged BPPT relativistic contribution, d BPPT 5 16.4 ppm represents $9% in the total calculated 129 Xe CS, 172.7 ppm. This result is close to the previously reported dynamically averaged relativistic 129 Xe CS contribution ($8%) for Xe atom dissolved in benzene. [53] Summing up individual contributions to the 129 Xe NMR CS:
general comments
The total calculated 129 Xe NMR CS in Xe@C 60 dissolved in benzene after inclusion of relativistic, dynamic, and solvent effects is 1172.7 ppm, which deviates by 6.5 ppm from the experimental value of 179.2 ppm. [51] The individual physical contributions are schematically shown in Figure 5 . The main portion of the total 129 Xe shift of 132.1 ppm is obtained from the nonrelativistic calculations of the Xe@C 60 molecule in vacuo at rest. The nonrelativistic contribution originating in dynamics of the cage and dynamical solvent represents additional 24.2 ppm, of which nearly one half, 13 ppm is estimated to be due to molecular motions of the Xe@C 60 system and approximately 11.2 ppm originates in the effects of the dynamical solvent. The total relativistic effect, obtained by the Breit-Pauli perturbation theory approximation, amounts to 16.4 ppm, of which 14.2 ppm arises from the full-BPPT calculation of the static Xe@C 60 molecule at rest in vacuo, and 2.2 ppm arises from the estimated dynamic and solvent effects on the relativistic BPPT contribution.
From another point of view, summing up the NR and relativistic BPPT contributions, we obtain 146.3 ppm (85%) for static gas-phase Xe@C 60 molecule, 14.1 ppm (8%) for the effect of the dynamical cage, and 12.3 ppm (7%) for the effect of the dynamical solvent. The large effect of dynamical solvent nicely illustrates the high sensitivity of the 129 Xe shift. Although the Xe atom is encapsulated in C 60 , the solvent environment gives rise to measurable changes in the 129 Xe shift, even when using Xe atom dissolved in the solvent as a reference. This is also evident from the experimental difference between the 129 Xe shift in Xe@C 60 dissolved in benzene (179.2) and Xe atom dissolved in benzene (188.1) ppm. [51] It is reasonable to assume that the remaining discrepancy between the calculated and experimental value of 6.5 ppm arises from the cumulated errors in the piecewise approximation employed. The possible inaccuracies arise from various sources: MD potential, employed DFT functional, approximation of using the first solvent shell only (<2 ppm, Ref. [53] ), missing solvent and dynamic corrections to the full-BPPT approximation (<1 ppm), errors due to the BPPT approximation itself (not easy to assess for the present system), errors due to basis sets used, and errors from statistical averaging (estimated here by blocking method [53] to 60.6 ppm). The basis set superposition error estimated from selected snapshots would further deteriorate the calculated results by approximately 20.5 ppm (Supplementary Information, Table  S8 ). The discrepancy of another $20.5 ppm caused by using Xe atom as reference instead of Xe gas should be mentioned here. [43, 51] In fact, the temperature of the measurement was not specified in the experimental paper. [51] None of these possible errors is expected to be larger than 1-2 ppm but the cumulative effect could be responsible for the remaining difference of 6.5 ppm between the theory and the experiment. From this and previous studies [52, 53] is clear that relativistic corrections present typically about 8-9% of the total calculated isotropic 129 Xe NMR CS. For assessment of the relativistic effects, BPPT-3 approximation will do well in case of weakly bonded 129 Xe atom, whereas at least BPPT-5 has to be used for strongly confined or chemically bound Xe atom situation. Furthermore, the dynamic and solvent effects appear to have similar proportional effect on the nonrelativistically calculated 129 Xe CS as on the relativistic BPPT corrections to it. Hence, relativistic corrections can be simply estimated in more complicated studies.
Summarizing, despite the abovementioned inaccuracies, the piecewise approximation presented here provides a detailed insight and serves as a good starting point in the future simulations of confined Xe guest-host systems.
Conclusions
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